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Description

[0001] The present invention relates to a method of
making one or more fibrils, the method comprising the
steps of providing a material of manufacture of the fibrils;
providing a random initial shape of the fibrils; calculating
an adhesive force of the fibrils based on the material of
manufacture of the fibrils and on the initial shape of the
fibrils; adapting the random initial shape of the fibrils to
maximize the adhesive force of the fibrils to form resultant
shapes of the fibrils; selecting the resultant shape of the
fibrils having the highest adhesive force of the fibrils; and
producing having the selected resultant shape having
the highest adhesive force of the fibrils. The invention
further relates to a computer implemented method of sim-
ulating an adhesive force of one or more fibrils and to a
fibril.

[0002] Geckos can climb almost any surface in nature
swiftly and effortlessly. Such incredible climbing ability
comes from the hair-like microstructures, setae, on their
feet. The setae branch into many smaller hairs of seta
with a spatulated tip ending, where these tips directly
contact and adhere to surfaces leveraging mainly the
most universal intermolecular force, the van der Waals
force. The hierarchical and branching fibrillar structure
of setae enable exploiting contact splitting and crack trap-
ping and adhesion to even rough surfaces. Such fasci-
nating adhesion evoked an inspiration for a synthetic
elastomeric gecko pad. The research on synthetic gecko
pad resulted in many follow-up studies on dry fibril ad-
hesives, such as contact splitting and crack trapping, ad-
hesion controllability, self-cleaning property, hierarchical
structuring, multi-material composite fibrils, adhesion
with any liquid super-repellency, adhesion to skin, soft
robotic grippers, and robotic wall climbers.

[0003] The adhesion strength of synthetic gecko fibril
arrays is studied typically on smooth surfaces, and it is
a function of the size and shape of the fibril tip and stem
in addition to the fibril density, fibril elastomeric material
properties, and the fibril array backing layer. For a single
fibril, the adhesion strength is especially sensitive to the
geometry of the fibril structure. It is found that the tip
geometry is crucial to the adhesion improvement, where
bioinspired mushroom-shaped and T-shaped fibril tips
improved the adhesion strength notably greater than the
one from simple flat-punch fibrils. Also, multiple optimal
mushroom- and T-shaped tip geometries have been pro-
posed.

[0004] Limitations arise when optimizing such previ-
ously proposed tip shapes due to the nature of the current
template-based design approach. Such approach is
based on a pre-determined T-shaped or mushroom-
shaped tip with a cylindrical stem, and suppresses the
chances to explore and find out-of-the-box optimal tip
and stem shapes.

[0005] For this reason, it is an object of the invention
to provide a method of making one or more fibrils that
results in improved fibril designs having a higher adhe-
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sion force than prior art fibrils of the same material. It is
yet a further object of the invention to reduce the time
period of manufacture and designing such fibrils.
[0006] This object is satisfied by the subject matter of
the independent claims.

[0007] A method of making one or more fibrils, the
method comprising the steps of:

- providing a material of manufacture of the one or
more fibrils;

- providing a random initial shape of the one or more
fibrils;

- calculating an adhesive force of the one or more fi-
brils based on the material of manufacture of the one
or more fibrils and on the initial shape of the one or
more fibrils;

- adapting the random initial shape of the one or more
fibrils to maximize the adhesive force of the one or
more fibrils to form resultant shapes of the one or
more fibrils;

- selecting the resultant shape of the one or more fibrils
having the highest adhesive force of the one or more
fibrils; and

- producing one or more fibrils having the selected re-
sultant shape having the highest adhesive force of
the one or more fibrils.

[0008] In this way synthetic elastomeric dry microfibril-
lar adhesives can be created for a wide range of appli-
cations the fibers or arrays of fibers having the following
unique properties, they are: residue-free, repeatable,
tunable, controllable and silent adhesion; self-cleaning
property; and breathability.

[0009] In contrast to the prior art where the design of
such dry fibrillar adhesives is limited by a template-based
design approach using a pre-determined bioinspired T-
shaped or wedge-shaped mushroom tips, the present
disclosure not only allow to vary the material of the fibrils,
but also varies the shape and size of the fibrils in order
to obtain fibrils of a given material having improved ad-
hesion characteristics.

[0010] The initial shape of the one or more fibrils may
comprise an axisymmetric shape having an at least lo-
cally flat tip surface at an end thereof and the profile of
the one or more fibrils are defined by a set of parameter-
izable curves, such as Bezier curves, spline curves, or
polynomial curves.

[0011] This means that the initial shape can be an ar-
bitrarily shaped fibril having no pre-defined specific
shape. It may have a predefined shape such as one of
a cylindrical shaped fibril,a T-shaped fibril, a mushroom
shaped fibril, a wedge shaped fibril or the like. Preferably
a shape is initially selected that has previously exhibited
acceptable adhesion force characteristics. The profile of
this shape is then varied in order to obtain the ideal shape
for a given material and size of fibril.

[0012] The step of calculating the adhesive force of the
one or more fibrils may take place by means of a com-
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puter implemented simulation. In this way the designing
of the fibrils can be sped up significantly.

[0013] The normal stress occur at the interface deter-
mines the critical point of the separation between the
fibril(s) and the object to be attached and the surface
integral of the normal stress at the bottom of the stem of
the fibril becomes the simulated adhesion. The calcula-
tion of the adhesion follows the standard finite element
method and may be based on Cauchy’s equations.
[0014] Thus, the method proposed herein teaches a
machine learning (ML)-based computational design ap-
proach, where the 3D tip and stem shape of an adhesive
fibril is searched in a broad design space and adapted
automatically at a given fibril diameter scale and for a
given material.

[0015] ML-based design optimizations have been
widely used in various areas, such as optimal antenna
design, composite design, mechanical property predic-
tion, polymer dielectrics, aircraft airfoil design, mechan-
ical structure design, and energy materials. Most of these
studies rely on approximate models of finite-element-
method (FEM)-based simulations by training artificial-
neural-networks (ANNs) in order to accelerate the sim-
ulation evaluations. Improved evaluation speed of the
approximated models makes the global optimization
methods, such as genetic algorithms, feasible. However,
the main drawbacks of such approach are high compu-
tational time and cost to create the training dataset for
the ANNs and lower accuracy due to the approximation
process.

[0016] In the present teaching a ML-based adhesive
fibril design method with a data-efficient optimization
framework and accurate FEM-based adhesion mechan-
ics simulations is proposed. By employing a state-of-the-
art global optimization method, Bayesian optimization,
with comprehensive finite-element-method
(FEM)-based adhesion mechanics simulations, the
method produces optimal shapes of fibrils, which outper-
form previous adhesive fibril designs in both simulations
and experiments.

[0017] Compared to a recently proposed machine
learning approach, this disclosure provides the first ex-
perimental validation of fibrils designed by machine
learning methods together with in-depth stress analyses.
In addition, the proposed method is much more data ef-
ficient to generate a sub-optimal design in a reasonable
duration (~3 hours for each design in this study) and flex-
ible for the changes in the simulation, where the govern-
ing physics of the simulation could be readily changed
without any prior training of a model, allowing the creation
of different adhesive fibrils with other adhesion mecha-
nisms, such as suction. Finally, the method also optimiz-
es the fibril 3D stem shape and deformation in addition
to the tip shape, which is ignored in almost all previous
template-based and in the previous machine learning-
based fibril optimization method.

[0018] The step of adapting the initial shape of the one
or more fibrils may take place a plurality of times, i.e.
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iteratively to obtain a wide parameter range from which
to select the desired fibrils. In this connection it should
be noted that the plurality of times may be selected be-
tween 2 and 1000000 iterations, in particular between 5
and 100000 iterations.

[0019] The step of adapting the initial shape of the one
or more fibrils takes place by varying the smallest edge
radius of the fibril tip with a size selected in the range of
1 nm to 10 um. In this way the proposed method also
takes into account real fabrication methods of the fibrils,
i.e. the, preferably outer, shape and size may be deter-
mined by the fabrication process of the one or more fibrils.
This is in stark contrast to the prior art where the edges
are assumed to be of perfect 90° angles and hence leads
to a distortion of the internal stresses of the fibrils.
[0020] The step of adapting the initial shape of the one
or more fibrils may also take place by means of a com-
puter implemented simulation. In this way the designing
of the fibrils can be sped up significantly.

[0021] The shape adaptation may be based on prob-
abilistic optimization methods, such as Bayesian optimi-
zation, which maximizes the objective function value, the
adhesion of the one or more fibrils, while keeping the
number of required finite element method (FEM) simu-
lation evaluation low.

[0022] The step of producing the one or more fibrils
may take place by means of at least one of additive man-
ufacturing, two-photon polymerization, 3D printing, opti-
cal lithography, electron-beam lithography, focused ion
beam machining, laser micro/nanomachining, mechani-
cal or ultrasound micromachining, micro/nanoprinting,
roll-to-roll replication, injection molding, compression
molding, and polymer casting.

[0023] In this connection it should be noted that the
fibrils can be formed directly at a backing substrate made
of the same or a different material from the material of
the one or more fibrils.

[0024] The material of manufacture of the one or more
fibrils may be selected from the group of members con-
sisting of organic, inorganic, polymers, rubbers, sili-
cones, polyurethanes, biomaterials, biopolymers, com-
posites, elastomers, liquid crystalline elastomers, ther-
moplastic elastomers, foams, fabric materials, particle
materials, fibrous materials, or combinations of the fore-
going. In this connection it is noted that the, preferably
soft, material of the fibrils is preferably an elastomer, such
as PDMS or a polyurethane elastomer.

[0025] Itis preferred that the fibrils and/or the backing
substrate further comprise a filler material selected from
the group of members consisting of organics, inorganics,
metals, alloys, ceramics, glass, polymers, rubbers, bio-
materials, hydrogels, liquid materials, phase changing
materials, composites, foams, fabric materials, particle
materials, fibrous materials, micro- and nanoparticles
and combinations of the foregoing. An example for the
use of filler materials could be magnetic micro-particles,
which enable the material to be movable, or metal parti-
cles, which can make the material switchable or electri-
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cally conductive so that it could e.g. be used as part of a
sensor. It could also be possible to introduce a type of
functionalized material in order to give the backing sub-
strate of the one or more fibrils, for example, a further
function apart from holding the fibrils together.

[0026] Thus, for example electrodes could form the
backing substrate that then adheres to a patient’s skin
via the fibrils to make wearable medical devices.

[0027] The material of manufacture of the one or more
fibrils may have a Young’s modulus selected in the range
of 0.01 to 10000 MPa, where the Young’s modulus could
be measured via tensile stress tests. Such comparably
soft materials are well suited to be used for a wide range
of adhesive applications in robotics, transfer printing, clo-
sures, consumer products, and medical devices etc.
[0028] In order to measure the Young's modulus of a
material, tensile stress testing can be done with a com-
mercial universal tensile testing machine such as an In-
stron tensile tester. Tensile testing, also known as ten-
sion testing, is a test, in which a material sample is sub-
jected to a controlled tension until failure. The properties
that are directly measured via a tensile test are ultimate
tensile strength, breaking strength, maximum elongation
and reduction in area. From these measurements -
among other things - the Young’s modulus can be deter-
mined.

[0029] The test process involves placing the test spec-
imen in the tensile testing machine and slowly extending
it until it fractures. During this process, the elongation of
the gauge section is recorded against the applied force.
The data can be manipulated such that it is no longer
specific to the geometry of the test sample. The elonga-
tion measurement is used to calculate the engineering
strain, ¢, using the following equation:

e=AL/Lo=(L-Lo)/Lo

wherein AL is the change in gauge length, L is the initial
gauge length, and L is the final length. The force meas-
urement is used to calculate the engineering stress, o,
using the following equation:

c=F./A

wherein F is the tensile force and A is the nominal cross-
section of the specimen.

[0030] The Young’s modulus can then be calculated
via the following equation:

E =o/s.

[0031] The method may further comprise the step of
designing the fibril tip edge by defining a radius of cur-
vature between one or more surfaces of the one or more
fibrils.
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[0032] The method may further comprise the steps of:

- providing a boundary interface to which the one or
more fibrils are attachable,

- defining a material of the boundary interface; and

- calculating an interfacial stress between the one or
more fibrils and the boundary interface.

[0033] In this way the adhesion force at the boundary
interface can be calculated in advance resulting in even
more improved adhesion characteristics of the one or
more fibrils to pre-defined surfaces.

[0034] The step of calculating an interfacial stress be-
tween the one or more fibrils and the boundary interface
may take place by means of a computer implemented
simulation.

[0035] The interfacial stress may be calculated directly
by the Cauchy’s equilibrium equations when the fibril in
the simulation is gradually stretched. When the maximum
stress at the interface exceeds the interfacial strength
between the fibril material and the object material, which
is measured experimentally.

[0036] According to a further aspect the presentinven-
tion also relates to a computer implemented method of
simulating an adhesive force of one or more fibrils to pro-
duce fibrils with an increased adhesive force, the method
comprising the steps of:

- providing a material of the one or more fibrils;

- providing an initial shape of the one or more fibrils;

- calculating by means of the computer an adhesive
force of the one or more fibrils based on the material
of manufacture of the one or more fibrils and on the
initial shape of the one or more fibrils;

- iteratively adapting the initial shape of the one or
more fibrils a plurality of times to vary the adhesive
force of the one or more fibrils to form resultant
shapes of the one or more fibrils; and

- selecting the resultant shape of the one or more fibrils
having the highest adhesive force of the one or more
fibrils.

[0037] Inthis connection the initial shape of the one or
more fibrils can be a random initial shape that is arbitrarily
selected. It may also be an initial shape that resembles
the shape of a previously produced fibril, such as a T-
shaped fibril, a wedge shaped fibril, a mushroom shaped
fibril and the like.

[0038] Thus, a machine learning-based computational
approach to optimize designs of adhesive fibrils, explor-
ing a much broader design space is obtained. A combi-
nation of Bayesian optimization and finite element meth-
ods creates novel optimal designs of adhesive fibrils,
which may be fabricated by two-photon-polymerization-
based three-dimensional (3D) microprinting and double-
molding-based replication out of polydimethylsiloxane
(PDMS).

[0039] Such optimal elastomeric fibril designs outper-
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form previously proposed designs by maximum 77% in
the experiments in respect of dry adhesion performance
on smooth surfaces.

[0040] Furthermore, finite element analyses reveal
that the adhesion of the fibrils is sensitive to the 3D fibril
stem shape, tensile deformation, and fibril microfabrica-
tion limits, which contrast with the previous assumptions
that mostly neglect the deformation of the fibril tip and
stem, and focus only on the fibril tip geometry.

[0041] The proposed computational fibril design meth-
od is data-efficient and flexible to be combined with other
fibril adhesion mechanisms, such as suction and multi-
material-based composite dry fibril adhesion, which
could help design future optimal fibrils for specific appli-
cations with less help from human intuition.

[0042] Accordingto afurther aspectthe presentinven-
tion also relates to a fibril obtainable by a method of mak-
ing the one or more fibrils and/or simulated by the com-
puter implemented method, the fibril optionally having at
least one of an adhesive force selected in the range of
0.000001 mN to 1000 mN, a shape selected from the
group of members comprising a profile composed of free-
form curves; and interfacial stress to a boundary surface
selected in the range of 0.001 kPa to 10000 MPa and a
material selected from the group of members consisting
of organic, inorganic, polymers, rubbers, silicones, poly-
urethanes, biomaterials, biopolymers, composites, elas-
tomers, liquid crystalline elastomers, thermoplastic elas-
tomers, foams, fabric materials, particle materials, fi-
brous materials, or combinations of the foregoing.
[0043] Such fibril designs can be used for a wide range
of adhesive applications in robotics, transfer printing, clo-
sures, consumer products, and medical devices etc.
[0044] Further embodiments of the invention are de-
scribed in the following description of the Figures and/or
the dependent claims attached to this specification. The
invention will be explained in the following in detail by
means of embodiments and with reference to the drawing
in which is shown:

Figs. 1Ato D design and fabrication process of the
machine learning-based design of fi-
brils (MLFs) for maximal adhesion on
smooth flat surfaces;

adhesion performance results in simu-
lations and experiments;

stress profile changes by the fibril
stretch in FEM simulations fora 70 pm-
diameter MLFn;

sensitivity analysis of adhesion as a
function of the fabrication constraint
and the stem shape in FEM simula-
tions;

fitting the previously proposed ML-
based optimal fibril design using a
4th_orderBezier curve, formodeling the
fibril geometry, the fitted Bezier curve
shows R2 value of 0.9999;

Figs. 2Ato C

Figs.3Ato C

Figs. 4A & B

Fig. 5
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simulated maximum adhesion values
of the optimal MLF , fibrils as a function
of the order of the fitting Bezier curves;
SEMimages of the reference fibrils and
MLFs (A: together with all three fibrils;
B: zoomed images);

representative force-displacement
curves of the fabricated PDMS fibrils
(different tip diameters, A: 30 pm; B:
50 wm; C: 70 pm; D: 90 pm) on a
smooth spherical glass probe with 8
mm-diameter;

simulated adhesion comparison with a
state of the art fibril;

stress profile change by strain of an
MLF, (70 wm diameter), when the fibril
is stretched by a small amount (A: 25%
strain), the peak stress occurs at the
edge. However, when the fibril is
stretched by a large amount (B: 100%
strain), the normal peak stress occurs
atthe center, ratherthan the edge, sim-
ilar to MLF’s case (C, Fig. 3);
adhesion sensitivity analysis on the tip
size of 70 um-diameter MLF;
interfacial stress profiles at the detach-
ment of the design variants of MLF;
adhesion sensitivity analysis on the tip
curvature of 70 pm-diameter MLF ;

a representative force-time curve of
MLF,, with 70 wm tip diameter; and
process of the Bayesian optimization
in case of 70 um-diameter MLF,,.

Fig. 6.

Figs. 7TA& B

Figs. 8Ato D

Fig. 9

Fig. 10Ato C

Fig. 11
Figs. 12A & B
Fig. 13
Fig. 14.

Fig. 15

[0045] In the following the same reference numerals
will be used for parts having the same or equivalent func-
tion. Any statements made having regard to the direction
of a component are made relative to the position shown
inthe drawing and can naturally vary in the actual position
of application.

[0046] The present invention relates to a method of
making one or more fibrils 10 (see Fig. 1A). In an initial
step a desired material of manufacture of the one or more
fibrils 10 is selected. For example, the material of man-
ufacture of the one or more fibrils 10 is selected from the
group of members consisting of organic, inorganic, pol-
ymers, rubbers, silicones, polyurethanes, biomaterials,
biopolymers, composites, elastomers, liquid crystalline
elastomers, thermoplastic elastomers, foams, fabric ma-
terials, particle materials, fibrous materials, or combina-
tions of the foregoing. In this connection it is noted that
the soft material is preferably an elastomer, such as
PDMS or a polyurethane elastomer.

[0047] Itis preferred that the fibrils 10 and/or a backing
substrate 24 (see Fig. 1 C) further comprise a filler ma-
terial selected from the group of members consisting of
organics, inorganics, metals, alloys, ceramics, glass, pol-
ymers, rubbers, biomaterials, hydrogels, liquid materials,
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phase changing materials, composites, foams, fabric
materials, particle materials, fibrous materials, micro-
and nanoparticles and combinations of the foregoing. An
example for the use of filler materials could be magnetic
micro-particles, which enable the material to be movable,
or metal particles, which can make the material switch-
able or electrically conductive so that it could e.g. be used
as part of a sensor. It could also be possible to introduce
a type of functionalized material in order to give the back-
ing substrate, for example, a further function apart from
holding the fibrils together.

[0048] Following the selection of the material, a ran-
dom initial shape of the one or more fibrils 10 is selected.
This initial shape of the one or more fibrils 10 comprises
an axisymmetric shape having an at least locally flat tip
surface at an end thereof and the profile of the one or
more fibrils 10 are defined by a set of parameterizable
curves, such as Bezier curves, spline curves, or polyno-
mial curves. By way of example, the fibrils 10 shown in
Fig. 1D show such a fibril shape having a tip 28, a stem
26 and an edge 30. Such fibril shapes may be T-shaped,
punch shaped, wedge shaped, mushroom shaped, arrow
shaped, and mixed shaped fibrils.

[0049] Thereafter,an adhesive force of the one or more
fibrils 10 is calculated. This adhesive force is based on
the material of manufacture of the one or more fibrils 10
and on the initial shape of the one or more fibrils 10. The
calculation of the adhesive force of the one or more fibrils
10 takes place by means of a computer implemented
simulation.

[0050] Thiscomputerimplemented simulationis based
on the normal stress that occurs at the interface and that
determines the critical point of the separation between
the fibril(s) 10 and an object to be attached and the sur-
face integral of the normal stress at the bottom of the
stem of the fibril 10 becomes the simulated adhesion.
The calculation of the adhesion is based on the standard
finite element method which follows Cauchy’s equations
of equilibrium as

00y  0Txy 0Ty,
F,=0

dx;  0x, 0x3 M
0t do. Jt

xy vy vz | F, =0
dx; 0x, 0dx;
0Ty, 07y, 00, F =0
dx; 0x, 0x3

where oy, 0,,, 0,, are normal stresses and 7,,, 7, 7,y
are shear stresses on an infinitesimal cube in x-, y-, and
z-directional normal surfaces; x4, X,, X3 are coordinate
system; and F,, Fy, F, are the body forces acting on the
infinitesimal cube. The calculation of the equation could
be performed using a weighted residual method in weak
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formulation.

[0051] The calculation of the adhesion is further proc-
essed from the stress calculations from above. The
stresses calculated from the Cauchy’s equations of equi-
librium provide the interfacial stress between the fibril of
interest and the adhesion interface. The integration of
the normal stress along the interface or along the root
(base and/or stem) of the fibril becomes the adhesion
force of the fibril during the stretch of the fibril. When the
normal stress at the interface exceeds the interfacial
strength of the interface, the adhesion force at that mo-
ment becomes the adhesion of the fibril. The calculation
of these could be formulated in commercial finite element
analysis tools.

[0052] Inorderto carry out this step of adaption reliably
the initial shape of the one or more fibrils 10 is adapted
between 5 and 1000000 iterations.

[0053] Specifically, the step of adapting the initial
shape of the one or more fibrils 10 takes place by varying
the smallest edge radius of the fibril tip with a size se-
lected in the range of 1 nm to 10 uwm. This shape and
size may be determined by the fabrication process of the
one or more fibrils 10. For example, if the fibrils 10 are
castin a mold, then the radius may be of the order of 500
to 10000 nm, whereas fibrils 10 produced e.g. by means
of polymer casting may have a radius of 500 nm to 10
pm and fibrils 10 produced e.g. by means of electron-
beam lithography may produce fibrils with radii in the
range of 1 nm to 5 um.

[0054] The method may further comprise the step of
designing the fibril tip edge by defining a radius of cur-
vature between one or more surfaces of the one or more
fibrils.

[0055] In this connection it should be noted that the
representation of the profile may be performed in a pa-
rameterized vector representation. Because of vector-
ized representation of the profile, the designed profile is
not subject to the resolution of the design system. By
changing the parameters of the profile, the profile could
be further adapted, where the optimal trials of the param-
eters are given by the Bayesian optimizer.

[0056] Thereafter, the shape and size of the random
initial shape of the one or more fibrils 10 is adapted, i.e.
varied in order to maximize the adhesive force of the one
or more fibrils 10 to form resultant shapes of the one or
more fibrils 10.

[0057] This step of adapting the initial shape of the one
ormorefibrils 10 also takes place by means of acomputer
implemented simulation. In order to carry out this step of
adaption reliably the initial shape of the one or more fibrils
10 is adapted between 5 and 1000000 iterations in order
to obtain different adhesives forces for the different fibril
shapes.

[0058] The shape adaptation is based on probabilistic
optimization methods, such as Bayesian optimization,
which maximizes the objective function value, the adhe-
sion of the one or more fibrils 10, while keeping the
number of required finite element method (FEM) simu-
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lation evaluation low. The optimization process solves
the general optimization represented as

max f(x)

X€EA

where f(-) is the adhesion calculated from FEM, x is the
parameter which constitutes the profile curves of the set
of parameterizable curves, such as Bezier curves, spline
curves, or polynomial curves, A is a simple set which
constitutes a hyper-rectangle of the parameter bounda-
ries of x.

[0059] The f(x) is represented by Gaussian Processes
(GP) which is a collection of random variables such that
the joint distribution of every finite subset of random var-
iables is multivariate Gaussian:

f~GP(u, k), in particular f = GP(u, k)

where w(x) and k(x) are the mean and covariance func-
tion. The GP surrogates the relationship between the pa-
rameter x and f(x) using black-box representation of the
adhesion simulated in FEM. By choosing different kinds
of acquisition functions of the Bayesian optimizer, the
shape of the fibrils is optimized based on the parameters
generated by Bayesian optimizer.

[0060] Once the shape has been varied for the one or
more fibrils 10 and their respective adhesion force has
been simulated, one proceeds to select the resultant
shape of the one or more fibrils 10 having the highest
adhesive force of the one or more fibrils 10. Also, this
step can be implemented in a computer in order to speed
up the manufacturing process. Thereby, for a specific
material of manufacture that is desired for a specific ap-
plication of the fibrils 10 the best shape for the desired
adhesion force of the fibrils 10 can be selected. For ex-
ample, the highest adhesion force may be desired for the
fibrils 10. Applications may also exist, where a pre-de-
fined adhesion force may be desired at which the fibrils
10 automatically detach from a surface as a kind of pre-
determined breaking point.

[0061] It should also be noted in this connection that
for different sizes of fibrils 10 of the same material differ-
entshapes may yield the best adhesion force for the fibrils
10, i.e. smaller fibrils 10 of the same material may have
a shape that differs from the shape of larger fibrils 10 of
the same material in order to yield the optimum adhesion
force for this size and material of fibril 10.

[0062] Following the selection of the resultant shape
of the one or more fibrils 10, these are produced with the
selected resultant shape having the highest adhesive
force of the one or more fibrils 10 for the desired material
of manufacture.

[0063] The step of producing the one or more fibrils
takes place by means of at least one of additive manu-
facturing, two-photon polymerization, 3D printing, optical
lithography, electron-beam lithography, focused ion

10

15

20

25

30

35

40

45

50

55

beam machining, laser micro/nanomachining, mechani-
cal or ultrasound micromachining, micro/nanoprinting,
roll-to-roll replication, injection molding, compression
molding, and polymer casting.

[0064] By way of example, the one or more fibrils can
be produced using the following method: In a first step a
rigid master 12 (see e.g. Fig. 1C) is 3D-printed using two-
photon lithography such that the master comprises pat-
terns 14 of a plurality of fibrils, which are supposed to be
produced, i. e. the patterns 14 of the plurality of fibrils
comprise the same outer shape as the produced fibrils
10 at the end of the manufacturing process, e.g. a double
re-entrant shape, a T-shaped, punch shaped, wedge
shaped, mushroom shaped, arrow shaped, and mixed
shaped fibrils.

[0065] Inasecond stepthe master 12 including its pat-
terns 14 are first covered with a non-stick coating (not
shown) and then with a first soft material 16. Thus, the
patterns 14 are replicated with the first soft material 16
in order to produce a negative mold 18 comprising cav-
ities 20 with an inner shape corresponding to the outer
shape of the patterns 14, e.g. the double re-entrant
shape, T-shaped, punch shaped, wedge shaped, mush-
room shaped, arrow shaped, and mixed shaped fibrils of
the fibrils to be produced. The first soft material 16 usually
comprises a Young’s modulus in the range of 10 kPa to
5 MPa. Also, higher values are possible as long as they
still lie within a range where the material can be regarded
as "soft".

[0066] The "non-stick coating" is supposed to reduce
the surface energy of the cavities 20 in order to simplify
the further step of demolding the master 12 from the first
soft material 16 (the mold 18). In commonly known meth-
ods for manufacturing double re-entrant shapes out of
rigid materials a non-stick coating is not necessary since
they can be produced with additive manufacturing proc-
esses. Here itis the case that a double re-entrant shape
is supposed to be produced out of soft materials, which
is why a negative mold 18 is needed.

[0067] Therefore, the surface of the master is first ac-
tivated by providing oxygen molecules to the master.
Said oxygen molecules are then illuminated with UV ra-
diation which causes the oxygen to react with, for exam-
ple, the carbon dioxide in the air to produce ozone. These
ozone molecules are able to reach every edge and corner
of the patterns to react and activate the surface. In a
further step, passivation is initiated by providing a silane,
preferably fluorosilane, or another chemical treatment to
the activated surface, which can react with the activated
surface in order to give it a sensation of a "non-sticky
coating", i. e. to help in a further step of demolding the
master from the first material.

[0068] Another possibility would be to provide an oxy-
gen plasma to the master surface to activate the surface
before passivating it with fluorosilane or another chemical
treatment.

[0069] Inanotherembodimentoftheinvention, the sur-
face and the patterns of the master are simply covered
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with a polymer coating. When using this method, a pro-
vision of UV radiation is not necessary.

[0070] In a further step, regardless of which "coating"-
method has been chosen, before the master 12 is
demolded, the first soft material 16 is cured since the
material 16 is usually in a liquid phase when it is applied
to the master 12. Depending on the exact material used
for the first soft material 16 and depending on the ambient
temperature said curing can be done within 10 minutes,
when the temperature is raised to 150°C, within an hour,
when the temperature is raised up to 90°C, or can even
take up to 48 hours when the temperature is kept at room
temperature (example of PDMS with a standard 10:1
monomer to crosslinker ratio). For softer formulations
like, for example, a 20:1 ratio room temperature curing
takes even longer.

[0071] In order to demold the master 12, without de-
stroying it, from the first material 16 it can be mechanically
peeled off by using conventional tweezers. Since the sur-
face of the master 12 has been prepared with the acti-
vation and passivation steps or with the polymer coating,
as described before, it can be peeled off rather easily
from the first material 16 without destroying the delicate
structures of the cavities 20 or the patterns 14. Other
demolding techniques like chemical dissolving may gen-
erally be possible depending on the used materials but
are nevertheless infeasible since they would destroy the
master and make it not reusable.

[0072] After the mold 18 is completely separated from
the master (which is only possible because of the previ-
ous "coating"-steps), first the surface of the mold 18, and
especially the cavities 20, are coated by using one of the
coating techniques described above (activating/passi-
vating or polymer coating).

[0073] Then, vacuum is applied to the cavities 20 in
order to remove air (not shown) from the cavities 20. This
will help in the next step where the cavities 18 are filled
with a second soft material 22. The second soft material
22 can be the same material as the first soft material 16.
In general, it is also possible to use different materials,
but it has been shown that soft materials for both the first
and the second material 16, 22 are preferred since they
guarantee the production of the delicate fibril structures.
In the depicted case of Fig. 1A, for example, the first and
second soft materials 16 and 22 comprise the same base
material (PDMS) but comprise different ratios of base
material to cross linker material (20:1 for the first material
14 versus 10:1 for the second material 20).

[0074] Inordertofill the cavities 20 completely, it might
be necessary to tilt the negative mold 18 to a certain
degree in order to let the second material 22 flow into the
cavities 20, especially also in the undercut parts of the
cavities 20 (see e. g. Fig. 1B). Usually, as the second
material 22 enters the cavities 20, from which the air has
been removed, gravity and hydrostatic pressure will en-
sure that the cavity 20 is filled completely with the second
material 22 even if the mold 18 is not tilted that much or
not tilted at all.
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[0075] One possibility would also be to provide the sec-
ond material 22 at the mold 18 without the second ma-
terial initially coming into contact with the cavities 20,
before applying the vacuum to the mold 18. Then, after
the vacuum has been applied, the mold 18 is moved, in
particular tilted, relative to the second material such that
the second material 22 flows into and completely fills the
degassed cavities 20 to form the fibrils within the cavities
20.

[0076] In this connection itis noted thatitis either pos-
sible to only fill the cavities 20 with the second soft ma-
terial 22 or to cover the whole mold 18 with the material
22 in order to also produce a backing substrate 24, which
is supposed to hold the array of fibrils 10 together. Most
common techniques use the latter and additionally pro-
vide a backing substrate 24. Said backing substrate 24
can have a thickness of about 0.5 to 1mm or even up to
10 cm. For certain applications it is also possible to attach
the backing substrate 24 to a payload (not shown) which
is generally not limited in size and dimensions.

[0077] The nextstep comprises curing the second soft
material 22 to finally produce the fibrils 10. Optionally
some of the cured second material 22 can be kept in
order to provide said backing substrate 24. In some em-
bodiments it is also possible to remove the parts of the
cured backing substrate 24 with a razor blade or the like
(not shown) in order to only keep the fibrils 10 at the end.
Furthermore, it could also be possible to first add the
backing substrate 24 and then add a third material, which
could act as a "new" backing substrate.

[0078] Lastly the first soft material 16 is demolded from
the second soft material 22 to arrive at the produced fibrils
10 (and optionally the backing substrate 24).

[0079] Thus, in summary, for the elastomeric fibrillar
surface fabrication, first a two-photon polymerization
method was used to 3D-print the master 12 fibril array
(patterns 14) on a glass substrate. The master 12 was
then fluorosilanized to allow subsequent demolding, and
PDMS (first soft material 16) was then cast and cured on
the fibril array 14. The negative replica (negative mold
18) was peeled off and fluorosilanized and the subse-
quent molding 18 yielded a PDMS replica of the original
master 12. A softer PDMS composition (20:1 monomer
to crosslinker ratio) for the negative replica was employed
to facilitate demolding of the final replica, for which stand-
ard PDMS (second soft material 22) was used (10:1 mon-
omer to crosslinker ratio). The final replicas were char-
acterized as prepared without any further processing.
[0080] Examples of the fibrils 10, which can be pro-
duced with the above disclosed method are shown in Fig.
2A. One can immediately see that the fibrils 10 comprise
an axisymmetric shape having an at least locally flat tip
surface at an end thereof. Each fibril 8 comprises a fibril
body 26 and a fibril tip 28. If a mushroom shaped fibril
10 is desired having the double re-entrant shape then
this will comprise an undercut (not shown) at the tip.
[0081] The top surface of the tip 28 can be flat and
smooth typically. Furthermore, the tip 28 can comprise
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a side wall with a given height and with a given sharpness
and/or curvature at a tip edge that can be determined
with the fabrication process resolution.

[0082] Said side wall can then comprise an almost 90
degree turn and an undercut cavity under the tip surface.
The undercut area combines with the fibril tip 28 at the
neck area of the fibril body 26 with a given curvature.
[0083] Figs.1A to D show steps of the design and fab-
rication process of the machine learning-based design
of fibrils (MLFs) for maximal adhesion on smooth flat sur-
faces. The right drawing of Fig. 1 shows a fibril 10 having
a fibril tip 28 and a body 26.

[0084] Fig. 1A shows that the design optimization goal
(e.g., maximize adhesion) along with the design con-
straints is supplied to the Bayesian optimization algo-
rithm. The Bayesian optimizer provides design parame-
ters to the simulator, and the simulator returns the esti-
mated adhesion back using a finite element method
(FEM)-based adhesion mechanics simulation. This proc-
ess runs iteratively until the optimal design is achieved
for the fibrils 10.

[0085] Fig. 1B shows that the algorithm starts with a
random shape and explores the broad design space by
controlling Bezier-curve control points to maximize the
estimated adhesive force from the FEM simulation for
the fibrils 10. In each iteration, a comprehensive FEM
simulation from the initial attachment to the detachment
is performed. As the iteration number increases (num-
bers in Fig. 1B), the shape evolves to the best design.
[0086] Fig. 1C shows that, after the adapting, i.e. op-
timization of the shape of the fibrils 10 for the desired
application, the best design is fabricated using two-pho-
ton polymerization and a subsequent double molding-
based replication technique.

[0087] Fig. 1D shows the fabricated version of an ex-
emplary optimal fibril design 10 (iteration number 110 at
Fig. 1B) is shown in a scanning electron microscope
(SEM) image (the scale bar indicates 50 um). The fibrils
are made of polydimethylsiloxane (PDMS) elastomer.
[0088] The method may further comprise the steps of:

- providing a boundary interface to which the one or
more fibrils 10 are attachable,

- defining a material of the boundary interface; and

- calculating an interfacial stress between the one or
more fibrils and the boundary interface.

[0089] The step of calculating an interfacial stress be-
tween the one or more fibrils and the boundary interface
takes place by means of a computer implemented sim-
ulation. The interfacial stress is calculated directly by the
Cauchy’s equilibrium equations denoted above when the
fibril 10 in the simulation is gradually stretched. When
the maximum stress at the interface exceeds the inter-
facial strength between the fibril material and the object
material, which is measured experimentally.

[0090] The present disclosure also relates to a com-
puter implemented method of simulating an adhesive
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force of one or more fibrils to produce fibrils 10 with an
increased adhesive force, the method comprising the
steps of:

- providing a material of the one or more fibrils 10;

- providing an initial shape of the one or more fibrils 10;

- calculating by means of the computer an adhesive
force of the one or more fibrils 10 based on the ma-
terial of manufacture of the one or more fibrils 10 and
on the initial shape of the one or more fibrils 10;

- iteratively adapting the initial shape of the one or
more fibrils 10 a plurality of times to vary the adhesive
force of the one or more fibrils 10 to form resultant
shapes of the one or more fibrils; and

- selecting the resultant shape of the one or more fibrils
10 having the highest adhesive force of the one or
more fibrils 10.

[0091] A fibril 10 as obtained by using a method as
defined above and/or simulated on the basis of the meth-
ods described herein typically has at least one of an ad-
hesive force selected in the range of 0.000001 mN to
1000 mN, a shape selected from the group of members
comprising a profile composed of freeform curves, i.e. a
fibril 10 having a base 32, a body 26 and a tip 28 that are
generally axissysmmetric; and interfacial stress to a
boundary surface selected in the range of 0.001 kPa to
10000 MPa and a material selected from the group of
members consisting of organic, inorganic, polymers, rub-
bers, silicones, polyurethanes, biomaterials, biopoly-
mers, composites, elastomers, liquid crystalline elastom-
ers, thermoplastic elastomers, foams, fabric materials,
particle materials, fibrous materials, or combinations of
the foregoing of polymers.

[0092] Fig. 2 shows adhesion performance results in
simulations and experiments. Examples of fabricated
MLFs and reference designs with 70 um tip diameters
are shown in SEM Images as depicted in Fig. 2A (the
scale bar indicates 50 pm; fibrils with different diameters
are shown in Fig. 7).

[0093] Fig. 2B shows how the FEM simulation predicts
that MLFn has overall superior adhesion performance
compared to the other designs. On the contrary, MLFv
has lower adhesion than MLFn and T-shaped fibrils sug-
gesting that the design criteria for MLFn is effective to
the adhesion improvement than the one of MLFv.
[0094] Fig. 2C show that the experimental results con-
firm that the adhesion performance improvement of
MLFn and shows an overall agreement between the sim-
ulations and experiments. The discrepancy at 70 and 90
pm tip diameters suggests the effect of the curvature of
the measurement probe compared to the size of the tip
of the fibrils 10, where flat-flat interfacial contact is com-
promised. The error bars show standard deviations
(n=5).

[0095] Fig 3 shows stress profile changes by the fibril
10 stretch in FEM simulations for a 70 pm-diameter
MLFn. Fig. 3A shows that when the fibril 10 is stretched
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by a small amount (25% strain), the peak stress on the
fibril tip surface 28 occurs at the tip edge.

[0096] Fig. 3B in contrast shows that when the fibril 10
is stretched by a large amount (100% strain), the normal
peak stress occurs at the center, rather than the edge.
Also, the stress pattern throughout the fibril stem 26
changes indicating that the stem deformation changes
the way the stress is transferred to the tip-surface contact
interface.

[0097] Fig. 3C shows that the evolution of the tip-sur-
face interfacial stress profile explains the change of the
peak stress where the stress at the center increases rap-
idly than the stress at the edge by stretching. Comparable
results of MLFv are shown in Fig. 10.

[0098] Figure 4 shows a sensitivity analysis of adhe-
sion as a function of the fabrication constraint and the
stem shape in FEM simulations. Fig. 4A shows the opti-
mal design changes by the fabrication constraint, i.e., the
tip sharp edge curvature, re. When the fabrication con-
straint is minute (re = 0.25 pm), the predicted optimal
design is similar to the wedge-shaped fibrils 10. When
the fabrication error is significant to the size of the fibril
10, the optimal fibril shape changes by having a narrow
neck and stem. Subsequently, the performance of the
fibrils deteriorates with the increased re.

[0099] Fig. 4B shows that the stem shape change
based on radial control points (r-shift) of the Bezier-curve
affects the simulated adhesion performance significantly
(blue dashed line with dots). The stem shape change
based on axial control points (z-shift) affects the adhesion
performance less significantly (red dashed line with
squares).

[0100] Fig. 5 shows a fitting of the previously proposed
ML-based optimal fibril design using a 4th-order Bezier
curve, as used for modeling the fibril geometry, the fitted
Bezier curve shows R2value 0f 0.9999. Thus, the intrinsic
degrees of freedom (DOF) of the previously proposed
ML-based optimal fibril design is the same with a 4th-or-
der Bezier curve.

[0101] Fig. 6 shows simulated maximum adhesion val-
ues of the optimal MLF,, fibrils 10 as a function of the
order of the fitting Bezier curves. The adhesion saturates
already around 4th-order Bezier curve fitting, which con-
firms that the intrinsic DOF of the current fibril design
problem is low. Higher order curves show an overfitting
behavior.

[0102] Fig.7 shows SEMimages of the referencefibrils
10 and MLFs (Fig. 7A shows all together with all three
fibrils; whereas Fig. 7B shows zoomed images). The
scale bars show tip 28 diameters and half of the tip di-
ameters of each size in Fig. 7A and 7B, respectively.
[0103] Fig.8showsrepresentative force-displacement
curves of the fabricated PDMS fibrils 10 for different tip
diameters, Fig. 8A: 30 um; Fig. 8B: 50 wm; Fig. 8C: 70
pm; and Fig. 8D: 90 wm, on a smooth spherical glass
probe with 8 mm-diameter. Fibrils 10 with strong adhe-
sion show more than 100% strain exhibiting nonlinear
behavior of the material. Individual fibril 10 detachments
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are observed as three peaks along the force-displace-
ment curves.

[0104] Fig. 9 shows simulated adhesion comparison
with the prior art fibrils. Fibrils in (61) show strong adhe-
sion in 30 um and 50 pm tip diameters assuming nano-
scale micro fabrication with sharp edge is possible. In
larger scales, such as 70 pum and 90 um tip diameters,
MLF,, fibrils 10 show the strongest adhesion. By applying
the same fabrication error as the other pillars to the fibrils
10 of the prior art (rounded edge with 1 um fillet radius),
they show inferior adhesion compared to T-shape and
MLF,, fibrils across the all tip diameters in the simulation.
[0105] Fig. 10 shows stress profile change by strain of
an MLF, 10 (70 um diameter). When the fibril 10 is
stretched by a small amount (Fig. 10A: 25% strain), the
peak stress occurs at the edge. However, when the fibril
10 is stretched by a large amount (Fig. 10B: 100% strain),
the normal peak stress occurs at the center, rather than
the edge, similar to MLF’s case (Fig. 10C and Fig. 3).
Compared to MLF,, 10 shown in Fig. 3, here the shear
stress is reduced, and the effect of such reduced shear
was observed in the experiments, resulting in worse/less
adhesion (Fig. 2C).

[0106] Fig. 11 shows an adhesion sensitivity analysis
on the tip size of 70 um-diameter MLF,, 10. As the tip
size gets smaller, the relative fabrication limit becomes
significant. The proposed design framework generates
various optimal fibril shapes tailored to the fabrication
error and the tip sizes, indicating that there is no single
universal optimal fibril shape for adhesion across differ-
ent fibril sizes (and associated fabrication limits). Note
that fibrils 10 are not to scale for better visualization.
[0107] Fig. 12 shows interfacial stress profiles at the
detachment of the design variants of MLF, 10. Fig. 12A
shows z-shift variants (i.e., the Bezier point shifts in the
z-direction) that indicate, that as the Bezier points moves
away from the optimal positions, the stress profile incre-
mentally loses area under the stress profile explaining
why the variants have less adhesion compared to the
optimal shape. Note that the adhesion is the surface in-
tegral of the normal interfacial stress, which is directly
related to the area under each normal stress profile. Fig.
12B shows the r-shift variants (Bezier points shift in r-
direction) indicating a similar trend as Fig. 12A, by incre-
mentally losing the integration area under the normal
stress profile.

[0108] Fig. 13 shows an adhesion sensitivity analysis
on the tip curvature of 70 pm-diameter MLF, 10. The
positive curvature represents a convex tip shape and the
negative curvature represents a concave one. There is
a significant adhesion decrease at the negative curva-
ture, as it promotes more edge singularity. The shape is
only robust to the convex shape of the tip 28; however,
the MLF 10 shows the best adhesion performance in the
case of a flat tip surface on flat surfaces.

[0109] Fig. 14 shows a representative force-time curve
of MLF, 10 with 70 wm tip diameter. During the retraction,
due to the hyperelasticity, a nonlinear material behavior
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is observed. Because three fibrils are adhered to the
probe, three peaks of detachment are observed.

[0110] Fig. 15 shows a process of the Bayesian opti-
mization in case of 70 um-diameter MLF, 10. The max-
imum objective (y-axis) represents the simulated adhe-
sion values in mN unit in this problem. As the function
evaluation increases, the adhesion values improve.
From the initial random ftrial, the process reaches the
optimal value in around 60 iterations.

[0111] The proposed computational single fibril design
framework has two components: FEM-based adhesion
mechanics simulation and Bayesian optimization (Fig.
1A). During the design process, the optimizer generates
design parameters for the simulation of the fibrils 10,
whereas the simulator returns an estimated adhesive
force based on the design parameters from the optimizer
for the fibrils 10. This process runs iteratively until a preset
iteration limitand the optimizer returns the optimal design
parameters based on the observations along the design
process.

[0112] In the simulation, the shape of the fibril 10 is
constructed by design parameters with the following as-
sumptions. First, the fibril 10 is assumed to be axisym-
metric and the attached surface is assumed to be smooth
and locallyflat, as in the case of typical T-and mushroom-
shaped fibril 10 designs. Additionally, the aspect ratio of
the fibril is set to be 1:1 in order to compare the fibril 10
with other fibril designs at the same aspect ratio, which
removes the effect of having different aspect ratios on
adhesion tests.

Next, the side profile of the fibril 10 is constructed by a
Bezier curve, which connects the top edge of the fibril 10
to the base of the fibril 10 smoothly with a given number
of control points (Fig. 1B). A 3rd order Bezier curve is
used to represent the fibril’s profile including its tip 28
and stem 26, however, the order of the curve could be
increased for finer definition with higher computational
cost.

[0113] The effects of Bezier curve order are used to
represent the fibril profile on adhesion (Figs. 5 and 6).
By fitting the previously proposed optimal fibril profile
from into 4th-order Bezier curve with R2 value of 0.9999
(Fig. 5), itis shown that 4th-order Bezier curve is enough
for representing the profile of the current fibril adhesives.
[0114] Additionally, by predicting the maximum adhe-
sion of MLFs 10 with higher order Bezier curves, Fig. 6
shows that Bezier curve of 4th-order shows the best
among the MLFs 10 with various order Bezier curves.
Overfitting behavior is observed in much higher order
Bezier curves.

[0115] Finally, the simulation takes the fabrication con-
straints into account, where an infinite sharp edge is not
possible to fabricate in practice. Therefore, the edge 30
ofthe tip 10 is rounded by a certain fillet radius, estimated
from the experimental fabrication test results by the two-
photon-polymerization-based direct 3D microprinting
technique used in this study.

[0116] Once the shape of a fibril 10 is determined at a
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given iteration step, the adhesion of such a fibril 10 is
simulated in a FEM simulation environment. Here, the
simulation considers nonlinear deformation of a fibril dur-
ing adhesion tests by incorporating the Mooney-Rivlin
hyperelastic model, and a realistic detachment of the fibril
10 from a flat-punch probe using a Dugdale-Barenblatt
cohesive zone model (Figs. 3A & B). This approach re-
flects changes of the stress profile during the fibril stretch
and before the detachment of the fibril 10, which results
in a direct adhesion value estimation rather than an in-
direct adhesion estimation based on a fixed interfacial
stress profile. Assuming that the fibril tip 28 is contacted
to a smooth flat-punch probe fully, the adhesion is cal-
culated by integrating the normal stress on the surface
of the base 32 of the fibril 10 (see Fig. 1D). When the
fibril 10 is stretched due to the tip 28 adhesion, the hy-
perelastic model predicts the deformation of the tip 28
and the stem 26.

[0117] When a crack forms at the tip-substrate contact
interface due to a normal stress exceeding the interfacial
theoretical strength, the adhesion quickly reaches its
maximum and decays subsequently. Here, the material
properties and fabrication constraints determining the
achievable edge sharpness are characterized experi-
mentally and calibrated before the design of the fibrils 10.
[0118] The aforementioned simulation framework is di-
rectly linked to a Bayesian optimization framework. Baye-
sian optimization is a state-of-the-art global optimization
method for problems where it is vital to optimize a per-
formance criterion while keeping the number of evalua-
tions of the system small. This method becomes an ideal
candidate for minimizing the number of FEM-based ad-
hesion evaluations without compromising the simulation
accuracy. Here, the optimization goal is to maximize the
adhesive force. The optimizer takes the Bezier-curve
control points as optimizable variables and reaches to
the optimal design in a given iteration number (Fig. 1B).
The other parameters, such as the tip 28 diameter and
the fabrication constraint-related edge sharpness limit,
are preset before the optimization.

[0119] A previous study used a trained deep-neural-
network (DNN), which simulates the adhesion profile at
the interface. The difference lies in the simulation accu-
racy and data efficiency. First, the DNN-based approach
does not compute the adhesion directly from the simu-
lation, rather it estimates the adhesion indirectly with an
infinitesimal fibril stretch.

[0120] This approach would not be accurate when the
fibril 10 is deformed due to the elasticity of the material,
where the stress profile drastically changes.

[0121] Soft elastomers, such as polydimethylsiloxane
(PDMS) used in our experimental fibrils 10 and in all pre-
vious T- and wedge-shaped mushroom fibril studies, do
stretch significantly during the pull-off process resulting
in hyperelastic regime. In contrast, the present method
estimates adhesion directly right before the detachment
considering the hyperelastic body deformation of the fi-
brils 10. Secondly, the present method is data efficient
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by orders of magnitude more than the DNN-based ap-
proach. More specifically, the present method allows to
find an optimal shape within 150 function evaluations,
whereas the DNN-based method requires more than
200,000 function evaluations to create a training dataset.
Furthermore, the DNN-based approach is not flexible be-
cause a single change in the simulation might require
another whole set of data causing a significant compu-
tational time.

[0122] Once the optimal fibril design is obtained, such
fibril 10 is fabricated using two-photon polymerization
(2PP) process and a subsequent double-molding-based
replication technique (Fig. 1C). This fabrication method
is versatile to create various shapes as well as allows
the use of various elastomeric materials. PDMS is se-
lected as the fibril material because it is commonly used
in the dry fibrillar adhesion field, versatile, flexible as well
as it exhibits less surface energy, less environmental
sensitivity, and less viscoelastic effects compared to oth-
er fibril elastomers, such as polyurethane.

[0123] First, computer-aided-design (CAD) files of the
fibrils 10 are 3D-printed using a high-resolution rigid pho-
toresist using 2PP to create a master template, and then
fluorosilanized to allow easy replication. Afterwards,
PDMS is casted on the master template to form a nega-
tive replica, cured, peeled off, and then fluorosilanized.
Finally, the fluorosilanized PDMS negative mold 18 is
replicated again to create a PDMS fibril 10 replica of the
original master 12 (Fig. 1D).

[0124] The machine learning-based optimally de-
signed fibrils (hereafter MLFs) with various tip diameters
(30, 50, 70, 90 wm) are designed and fabricated (Fig. 2A
andFig. 7). Two types of MLFs 10 based on the interfacial
stress type were created, which causes a failure: MLFn10
based on normal stress failure and MLFv 10 based on
von-Mises stress failure at the interface. Here MLFv 10
to understand the role of the shear stress to adhesion by
comparing it with the result of MLFn 10. The critical sim-
ulation parameters, such as the sharpest edge radius
that we can fabricate, hyperelastic model parameters,
and the theoretical adhesion strength of the contact in-
terface are experimentally measured and updated in the
simulation before the design optimization.

[0125] A triplicate of each design was generated form-
ing a tripod for accurate alignments with a smooth spher-
ical glass probe (the diameter of the probe (8 mm) is
much larger than the diameter of the fibril (30-90 pwm);
therefore, a flat-flat contact interface can be assumed
locally), while keeping the number of fibrils minimum to
reduce the effect of multiple fibrils on a soft backing layer
(Figs. 7 and 8). Previously reported fibril shapes are also
fabricated to compare their adhesion as controls/refer-
ences. A flat-punch fibril 10, wedge-shaped mushroom
fibril 10, and modified T-shaped fibril 10, which has a fillet
radius between the fibril and the cap. Additionally, due
to the fabrication limitation, the ML-based optimal fibril is
compared in the simulation framework with the other con-
trol and MLF fibrils 10 (Fig. 9).
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[0126] The MLFs 10 result in unique stem 26 and tip
28 shapes compared to the previous fibrils. The shape
of the MLFs 10 features a sharp tip edge 30 with a large
wedge, a narrow neck, and a thickening body towards
the base 32 of the fibril 10(Fig. 2A). The optimization
process seems to capture the tip edge 30 singularity by
creating sharp tip edges. This makes the tip geometry
rather similar to the other fibrils 10. However, the signif-
icant differences are found in the neck and stem shapes.
Here, as the narrow neck and the thickening stem help
reduce stress concentration at the tip edge 30 when the
fibril 10 is stretched by transferring the most of the stress
to the center of the fibril tip 28.

[0127] Compared to the previously reported narrow
neck designs to minimize any misalignment errors, these
new designs utilize the stem deformation to alter stress
profile at the interface along the stretch of the fibril 10
(see Figs. 3A,B and the details given in the following sec-
tion).

[0128] Figures 2B &C show comparative adhesion
measurements of the fibrils in simulations and experi-
ments. First of all, adhesion improvement is observed in
MLFn for most of the tip diameters (50, 70, 90 .m, except
30 wm) compared to other designs. MLFn 10 shows 77%
adhesion improvement over modified T-shaped fibril 10
with the size of 50 wm tip diameter in the experiment.
Compared to MLFn 10, the MLFv 10 does not show great
adhesion performance, indicating that the shear stress
minimization at the interface does not affect the adhesion
performance positively. This could be explained compar-
ing the stress profiles of MLFn 10 and MLFv 10, where
MLFv 10 has lower shear stress along the stretch (Fig.
3C and Fig. 10C). In the small (30 wm) tip diameter case,
MLFs 10 show worse adhesion compared to the other
designs. A relatively large edge radius and a large wedge
(Fig. 7) show that the algorithm fails to minimize the edge
singularity.

[0129] In general, the predicted adhesion shows
agreement with the experiments. In most of the cases
the trend is captured, where the flat-punch fibrils 10 show
the lowest and the MLFn 10 fibrils show the highest ad-
hesion followed by T-shaped fibrils 10. Even the absolute
adhesion values are predicted close to the experiments.
The increasing discrepancy of the adhesion in the large
fibrils 10 is considered to be attributed from the relatively
increasing curvature of the measurement probe com-
pared to the size of the tip of the fibrils 10, where flat-flat
interfacial contact is compromised.

[0130] MLFn fibrils 10 show overall superior adhesion
compared to the fibrils proposed in the prior art (Fig. 9).
[0131] The present further finite element analysis
(FEA) on the interfacial stress and fibril stretch (Fig. 3)
reveals that the stress profile changes greatly during
stretching a fibril 10. More importantly, the location of a
peak stress changes from the edge 30 of the tip 28 to
the center of the tip 28 due to the stem deformation. This
fact suggests that the design of an adhesive fibril 10
should consider stress profiles not only at the beginning
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of the tip detachment (which is the case in the prior art),
but also at during all detachment process due to the de-
formation of the fibril tip 28 and stem 26.

[0132] Incase of MLFn 10 (70 wm tip diameter), when
a fibril 10 is insignificantly stretched (25% strain in Fig.
3A for MLFn and Fig. 10A for MLFv), the stress pattern
throughout the body forms a convex gradient pattern.
More importantly, the peak stress occurs at the edge 30
of the fibril tip 28 (Figs. 3A,C). However, this peak stress
is not enough to form a crack to initiate detachment of
the fibril tip 28 from the probe with this amount of strain.
When the fibril 10 is stretched significantly (100% strain
in Fig. 3B for MLFn and Fig. 10B for MLFv), the stress
pattern in the stem changes due to the deformation. The
stress gradient in the stem forms a concave pattern now
(Figs. 3B &C and Figs. 10B & C: MLFv). The most critical
part is the change of the location of the peak stress; it
occurs atthe center of the interface compared to the edge
30 at the beginning, which means that the stress singu-
larity at the beginning might not be critical for fibrils which
experience such large deformations. Furthermore, the
stress profile reveals that MLFn reached 46% of the the-
oretical maximum by calculating the fraction of the area
under the normal stress profile over the full rectangular
area composed of the theoretical interfacial strength and
the tip diameter.

[0133] Fabrication constraints impact the optimal de-
sign and adhesion. The fabrication constraints worsen
the adhesion performance due to the edge singularity
induced by a rounded edge 30. The presented design
methodology reflects such fabrication constraint, where
it changes the optimal shape to cope with the edge sin-
gularity. To understand how a fabrication constraint
changes the optimal design proposed by the algorithm,
a set of design optimizations is performed. The edge fillet
radius, re, (not the radius of the fibril) is chosen as a
control variable, and the algorithm performs design op-
timizations for each re. Here the fibril diameter is set as
70 wm as a representative case.

[0134] The present simulation analysis suggests that
the fabrication constraint greatly impacts the optimal
shapes of the fibrils 10, showing that such constraints
must be considered in the design processes. When such
constraint is negligible compared to the size of the fibril
10, the optimal shape shows sharp edge with relatively
thick neck and stem (Fig. 4A). The upper part of the body
26 is very close to the wedge-shaped fibrils, showing an
agreement with previous analysis on the shape of the
fibrils 10.

[0135] The design changes when the fabrication con-
straint becomes non-negligible. As the constraint in-
creases, the fibril tends to show much narrower neck
compared to the designs with less constraint. Also, the
body shape changes by having a narrower body 26.
These could be interpreted as to minimize deformation
at the top body, by transferring most of the deformation
to the lower body, which might reduce the risk of increas-
ing stress peak at the tip-surface interface. Nonetheless,
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as the constraint increases, the adhesion deteriorates
multifold due to the increased peak stress at the edge.
Additionally, the analysis on the effect of the size of the
fibril tip 28 with a given fabrication limit is shown, where
such fabrication limit affects the optimal shape similar to
above analysis (Fig. 11). The proposed design frame-
work generates different optimal fibril shapes for different
fabrication limits and tip sizes.

[0136] The effect of the fibril body shape is further an-
alyzed to understand its role in the fibril adhesion. It is
found that the adhesion significantly depends on the fibril
stem shape 26, whereas most of the previous studies
focused only on the tip geometry. For example, small
differences in the stem shapes of MLFv and MLFn (70
wm tip diameter, Figs. 2A & C) result in almost 80% ad-
hesion performance difference in the experiment. To un-
derstand this, the 70 um MLFn is chosen (marked as *
in. Fig 4B) as the base design and the two Bezier control
points which forms the profile are modulated in radial and
axial manner (r- and z-direction in the inset of Fig. 4A) in
simulations. The other Bezier control points at the ends
of the curve are fixed.

[0137] The change in the radial control points shows
high sensitivity in the adhesion performance. As the ra-
dial control points move towards the axis, the neck shape
gets narrower resulting in the change of the curvature of
the lower body, while the general wedge shape remains
steady. This change of the stem shape is directly reflect-
ed in the adhesion, by having lower adhesion with a thin-
ner stem (Fig. 4B, blue line). This fact explains the afore-
mentioned adhesion difference between MLFn and
MLFv (70 wm case, Figs. 2A & C). On the contrary, the
axial control points affect the adhesion less than the radial
control point shifts (Fig. 4B, red line), which change the
height of the neck, while keeping the body thickness sim-
ilar.

[0138] The interfacial stress analysis of these variants
(Fig. 12) show smaller area under the normal stress pro-
file than the original MLFn optimal design, explaining the
decreased adhesion of these variants. Note that the ad-
hesion is the surface integral of the normal interfacial
stress, which is directly related to the area under each
stress profile. Here, the reason why some direction af-
fects more than the other is rather complex and unclear,
but it is important to note that the shape of the body 26
affects the adhesion by transferring the stress from the
base 32 to the tip 28 as shown in Fig. 3. The stem shape
sensitivity shown here suggests that it is important to
consider the stem shape in the design optimization,
which has not been well highlighted in the previous stud-
ies. Additional to those, top surface shape of the fibril 10
affects the adhesion.

[0139] The additional simulation study suggests that
concave shape of the top surface resulted in a dramatic
decrease of the adhesion, which is the worst-case sce-
nario in dry adhesion optimization due to the increased
edge singularity (Fig. 13). On the other hand, the MLFn
is robust to the convex tip shape as it does not cause
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direct edge singularity. Nonetheless, the MLFns are op-
timized for the flat tip surface and shows the optimal per-
formance with the flat tip interface similar to all previous
fibril adhesion optimization studies.

[0140] The study proposes a design framework of ad-
hesive fibrils 10 based on Bayesian optimization and
FEM-based adhesion mechanics simulations, its exper-
imental validation, and analyses of the newly designed
optimal shapes. While most of the previous studies fo-
cused on designs based on bioinspired T- and wedge-
shaped tips and human intuition, this disclosure provides
another perspective purely based on a machine learning
algorithm. This new perspective discovered novel opti-
mal designs and improved the adhesion performance
significantly in the experiments. Compared to the previ-
ous optimal design frameworks, the proposed framework
allows to incorporate full adhesion FEM simulations in
the optimization loop for accurate results. The optimal
designs computed by the proposed framework are vali-
dated by the simulations and experiments, and provide
the evidences that 1) the large axial stem deformation
causes the fibril tip 28 stress profile change, 2) fabrication
constraints are important to be incorporated in the design
process, and 3) fibril stem 26 shape is also important to
the adhesion performance.

[0141] The design method is compared with the other
approaches by allowing hyperelastic deformation of a fi-
bril 10 in simulations. There are numerous studies to pre-
dict or to optimize adhesion using simulations. However,
most of the studies assume that the adhesive fibril does
not change shape during the pull-off or deforms very
small staying in a linear deformation regime. However,
soft elastomers, such as PDMS, stretches significantly
during the pull-off process (more than 100% strain before
detachment in our experiments, see Figs. 8 and 14)
showing that the hyperelasticity must be considered.
Stress profile analysis confirms that the peak stress lo-
cation even changes along the stretch of the fibril 10 from
the edge to the center, showing that edge singularity at
the beginning of the stress might not affect the adhesion
when the fibril 10 is actually detaching. The consideration
of whole stretch allows a direct and accurate adhesion
estimation, which helps the optimizer to generate adhe-
sion-improved fibrils.

[0142] This disclosure also provides an insight to infer
the role of shear stress on the normal adhesion. The trial
by generating shear minimized MLFv reveals thatindeed
the shear stress may not affect the normal adhesion ad-
versely, rather there is a positive correlation between
them. Comparing the simulation and experimental re-
sults (Figs. 2B &C, Fig. 3, and Fig. 10), the shear-mini-
mized fibril performed worse in the experiment than the
simulation, suggesting that the shear stress helps normal
adhesion as discussed in.

[0143] The FEM simulationis designed to estimate ad-
hesion based on the design parameters (Fig. 1A, Fig.
2C, and Fig. 4) and to analyze the tip stress profile (Fig.
3). Using a commerecial finite element method tool (COM-
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SOL Multiphysics 5.4, COMSOL Inc.), the interfacial
stress distribution and the maximum adhesion are esti-
mated based on the approach of with a modification by
implementing the Mooney-Rivlin five-parameter hypere-
lastic model of the material. During the simulation, the
fibri's 10 base 32 is fixed and the tip of the fibril 10 is
initially attached to a flat-punch probe. The position of
the probe is then iteratively translated to impose stretch
to the fibril 10. The simulation terminates itself when the
maximum interfacial normal stress reaches the theoret-
ical interfacial strength.

[0144] Material characterization experiments are per-
formed before the simulation. This is because soft elas-
tomer (PDMS) fibril 10 might behave differently in small
scales thanin bulk in terms of mechanical properties. For
this calibration, first, different shapes of fibrils 10 (flat
punch, wedge-shaped, T-shaped in 30, 50, 70, 90 um
diameter) are fabricated using with 2PP and double-
molding-based replication method (Fig. 1C). Afterwards,
adhesion and force-displacement curves are measured
to calibrate the Mooney-Rivlin five parameters and the-
oretical interfacial strength. Additionally, by taking scan-
ning electron microscope (SEM) images of the fibrils, the
fabrication constraint (the tip edge fillet radius) is char-
acterized.

[0145] A shape of a fibril 10 is determined by two sets
of parameters: fixed parameter set and optimizable var-
iable set. The fixed parameter set includes aspect ratio,
tip diameter, edge fillet radius, the Mooney-Rivlin param-
eters and the theoretical interfacial strength. The opti-
mizable parameter sets include two Bezier control points
and the fibril base 32 diameter. The geometry of the fibril
is axisymmetric. Once the shape is determined, a fibril
10 is meshed with more than 10,000 triangular elements,
with extremely fine meshes towards the edge of the fibril
to handle the interfacial stress singularity.

[0146] Bayesian optimization. Once the FEM simula-
tion is constructed, the optimizable variable set, x, is di-
rectly handled by the Bayesian optimizer to produce the
optimal adhesive fibril 10. Here, x is a 5-dimensional vec-
tor including two Bezier control points in r- and z-coordi-
nate, and the diameter of the fibril base 32. The optimi-
zation problem is formulated as

x* = argmax f (X, p)
X

subject t0 Xy < X < Xpax

where f(-) is the estimated adhesive force from the sim-
ulation, x* is the optimal variable set, p is the fixed pa-
rameter set, xmin is the lower bound of x, and xmax is
the upper bound of x. This optimization problem is solved
with a prebuilt Bayesian optimization function
(bayesopt.m) in a proprietary programming language
(MatLAB R2020a, The Math-Works, Inc.) with the ex-
pected improvement acquisition function. In this disclo-
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sure, the adhesion converges within 150 iterations. The
communication between the optimizer and the simulator
is established via LiveLinkTM (COMSOL Multiphysics
5.4, COMSOL Inc.). The total of 150 iterations combined
with optimization and simulation took less than 3 hours
to produce the final design of the fibrils 10 using a per-
formance desktop computer (20 cores of Intel Xeon CPU
E5-2680 v2, 2.80 GHz (40 logical cores), 192 GB RAM,
NVIDIA Quadro K5000 graphics card). The process of
the Bayesian optimization and convergence is shown in
Fig. 15.

[0147] The fabrication process is similar to the fabrica-
tion method presented in PCT/EP2020/084461 whose
disclosure regarding the precise steps of manufacture
are hereby incorporated by reference, with modification
in the fabrication parameters for sharper edge definitions.
First, the fibrils 10 are designed using a CAD software
(Solid-Works 2020, Dassault Systemes Co.), and then
converted to a 2PP raster file (DeScribe, Nanoscribe Gm-
bH), and printed using a 2PP 3D microprinter (Photonic
Professional GT, Nanoscribe GmbH). The masters 12
are printed on an indium tin oxide (ITO)-coated glasses
using a rigid IP-S commercial photoresist (Nanoscribe
GmbH). To enhance the adhesion between the ITO-coat-
ed glass and the fibrils 10 to be printed, the ITO-coated
glass is exposed to 1,1,1,3,3,3-hexamethyldisilazan
(HMDS) in a desiccator more than 6 hours before the 3D
print. Afterwards, the master 12 is developed in propyl-
ene glycol monomethyl ether acetate (PGMEA, Sigma-
Aldrich Inc.) for 40 min and rinsed in isopropyl alcohol
(IPA) for 3 mins. After the master fibril array (4 x 5) is
fabricated, the array is exposed to ozone plasma (ozone
plasma chamber, Zepto, Diener electronic GmbH) in
80°C for 30 mins for surface activation, and subsequently
placedin a vacuum desiccator with a glass vial containing
0.1 mL of trichloro (1H, 1H, 2H, 2H-perfluoroctyl) silane
(Sigma-Aldrich Inc.) for 35 mins. Finally, the master 12
is placed in 90°C oven for 35 mins.

[0148] Degassed PDMS mixture (20:1 monomer to
crosslinker ratio) is casted on top of the fluorosilanized
master array and degassed for 30 mins in a vacuum des-
iccator. Then the master 12 and the cast are baked in a
90°C oven for 35 mins. Afterwards, the negative mold 18
is peeled off. To silanize the negative mold 18, a similar
procedure is applied. The negative mold is exposed to
ozone plasma in 80°C for 30 mins, and placed in a vac-
uum desiccator with trichlorosilane for 40 mins. After-
wards, the negative mold 18 is baked in 65°C for 3 hours.
After the negative mold 18 is peeled off, PDMS mixture
(10:1 monomer to crosslinker ratio) is casted on top of
the negative mold 18, degassed for 30 mins, and cured
for 3 hours in a 65°C preset oven. The positive replica is
ready after peeled off from the negative mold 18. The
surface roughness of the fibril surface is Rq of 0.42 pm
with cutoff frequencies of As = 0.25 pm and Ac = 0.25
mm. Young’'s modulus of PDMS (65°C cured for 3 hours)
is 1.6 MPa. As the material behave different at the mi-
croscale, adhesion test of the T-shape fibril 10 (Fig. 8C)
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is used as the baseline stress-strain curve to fit a hyper-
elastic model (Mooney-Rivlin 5th order model) for the
present simulation framework due to the known shape
and relative strong adhesion compared to other fibril
shapes. The 5th order Mooney-Rivlin parameters are
C10 =-1.81e+06 Pa, C01 = 3.04e+06 Pa, C20 = 9.82e-
09 Pa, C02 = -1.52e+05 Pa, C11 = 6.83e+05 Pa.
[0149] Adhesion measurements. The adhesion of the
fibrils 10 is tested in a customized adhesion setup. A load
cell (GSO-25, Transducer Techniques LLC) is attached
to a vertically moving (axial direction to the fibrils) high-
precision motorized piezo stage (LPS-65 2", Physik In-
strumente GmbH) with 5 nm positioning resolution. Hor-
izontal positions (xy-position) are adjusted by manual xy-
stage with an additional motorized piezo stage. The mo-
tion control of the motorized stages and the force meas-
urement from the loadcell are performed simultaneously
in a custom-built program in LabVIEW environment (Na-
tional Instruments Co.) with 1 KHz data acquisition rate.
The raw data is filtered to reduce noise with 10 points
median filter. An inverted optical microscope (Axio Ob-
server A1, Carl Zeiss AG) is placed under the setup to
visualize the contact interface for alignments and adhe-
sion analyses.

[0150] A spherical glass probe with a diameter of 4 mm
is used as a probe directly connected to the load cell.
The surface roughness of the glass probe is Rq of 1.04
pm with cutoff frequencies of As =0.25 umand Ac =0.25
mm. The xy-position of the probe is carefully adjusted to
place the probe at the center of the triplicate of the fibrils
10. The approach and retraction speeds are 10% of the
fibril size per second (e.g., 7 pm s-1 for 70 pm fibril) to
minimize the viscoelastic effects. The probe indents until
it reaches a certain preload (150 kPa for all sizes; e.g.,
0.577 mN for 70 um tip diameter fibril 10), waits for 30
seconds for the relaxation, and is retracted (Fig. 14). The
adhesion is measured together with displacement to form
force-displacement curves (Fig. 8). The measurements
are performed 5 times per each design of the fibril 10 and
the adhesion is estimated as the average of the meas-
ured adhesion per fibril 10. Because the multiple fibrils
10 are detached, multiple spikes in the adhesion curves
are observed (Figs. 8 and 14) .

Claims

1. A method of making one or more fibrils, the method
comprising the steps of:

- providing a material of manufacture of the one
or more fibrils;

- providing a random initial shape of the one or
more fibrils;

- calculating an adhesive force of the one or
more fibrils based on the material of manufac-
ture of the one or more fibrils and on the initial
shape of the one or more fibrils;
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- adapting the random initial shape of the one or
more fibrils to maximize the adhesive force of
the one or more fibrils to form resultant shapes
of the one or more fibrils;

- selecting the resultant shape of the one or more
fibrils having the highest adhesive force of the
one or more fibrils; and

- producing one or more fibrils having the select-
ed resultant shape having the highest adhesive
force of the one or more fibrils.

The method according to claim 1,

wherein the initial shape of the one or more fibrils
comprises an axisymmetric shape having an atleast
locally flat tip surface at an end thereof and the profile
of the one or more fibrils are defined by a set of pa-
rameterizable curves, such as Bezier curves, spline
curves, or polynomial curves.

The method according to claim 1 or claim 2,
wherein the step of calculating the adhesive force of
the one or more fibrils takes place by means of a
computer implemented simulation.

The method according to one of claims 1 to 3,
wherein the step of adapting the initial shape of the
one or more fibrils takes place a plurality of times.

The method according to claim 4,
wherein the plurality of times is selected between 2
and 1000000 iterations.

The method according to claim 4 or claim 5,
wherein the step of adapting the initial shape of the
one or more fibrils takes place by varying the smallest
edge radius of the fibril tip with a size selected in the
range of 1 nmto 10 pm.

The method according to one of claims 1 to 6,
wherein the step of adapting the initial shape of the
one or more fibrils takes place by means of a com-
puter implemented simulation.

The method according to one of claims 1 to 7,
wherein the step of producing the one or more fibrils
takes place by means of at least one of additive man-
ufacturing, two-photon polymerization, 3D printing,
optical lithography, electron-beam lithography, fo-
cused ion beam machining, laser micro/nanoma-
chining, mechanical or ultrasound micromachining,
micro/nanoprinting, roll-to-roll replication, injection
molding, compression molding, and polymer cast-
ing.

The method according to one of claims 1 to 8,

wherein the material of manufacture of the one or
more fibrils is selected from the group of members
consisting of organic, inorganic, polymers, rubbers,
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10.

1.

12.

13.

14.

15.

30

silicones, polyurethanes, biomaterials, biopolymers,
composites, elastomers, liquid crystalline elastom-
ers, thermoplastic elastomers, foams, fabric materi-
als, particle materials, fibrous materials, or combi-
nations of the foregoing. In this connection it is noted
that the soft material is preferably an elastomer, such
as PDMS, a silicone elastomer, vinylsiloxane, or a
polyurethane elastomer.

The method according to one of claims 1 to 9,
wherein the material of manufacture of the one or
more fibrils has a Young’s modulus selected in the
range of 0.01 to 10000 MPa.

The method according to one of claims 1 to 10,
further comprising the step of designing the fibril tip
edge by defining a radius of curvature between one
or more surfaces of the one or more fibrils.

The method according of one of claims 1 to 11,
further comprising the steps of:

- providing a boundary interface to which the one
or more fibrils are attachable,

- defining a material of the boundary interface;
and

- calculating an interfacial stress between the
one or more fibrils and the boundary interface.

The method according to claim 3 and 12,

wherein the step of calculating an interfacial stress
between the one or more fibrils and the boundary
interface takes place by means of a computer imple-
mented simulation.

A computer implemented method of simulating an
adhesive force of one or more fibrils to produce fibrils
with an increased adhesive force, the method com-
prising the steps of:

- providing a material of the one or more fibrils;
- providing an initial shape of the one or more
fibrils;

- calculating by means of the computer an ad-
hesive force of the one or more fibrils based on
the material of manufacture of the one or more
fibrils and on the initial shape of the one or more
fibrils;

- iteratively adapting the initial shape of the one
or more fibrils a plurality of times to vary the ad-
hesive force of the one or more fibrils to form
resultant shapes of the one or more fibrils; and
- selecting the resultant shape of the one or more
fibrils having the highest adhesive force of the
one or more fibrils.

The computer implemented method of claim 14,
Wherein one or more steps of the method of making
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the one or more fibrils of claims 1 to 13 can be carried
out.

16. A fibril obtainable by a method of making the one or
more fibrils of claims 1 to 13 and/or simulated by the 5
computer implemented method of claim 14 or claim
15, the fibril optionally having at least one of an ad-
hesive force selected in the range of 0.000001 mN
to 1000 mN, a shape selected from the group of
members comprising a profile composed of freeform 70
curves; and interfacial stress to a boundary surface
selected in the range of 0.001 kPa to 10000 MPa
and a material selected from the group of members
consisting of organic, inorganic, polymers, rubbers,
silicones, polyurethanes, biomaterials, biopolymers, 15
composites, elastomers, liquid crystalline elastom-
ers, thermoplastic elastomers, foams, fabric materi-
als, particle materials, fibrous materials, or combi-

nations of the foregoing.
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